The systemic and coronary hemodynamic effects of relatively large doses of propranolol have been studied following its infusion into intact anesthetized dogs at rest and during simulated exercise. At rest, the administration of propranolol was associated with decreased cardiac output and ventricular work and increased peripheral, pulmonary, and coronary vascular resistances. Coronary blood flow and coronary sinus oxygen content decreased while myocardial oxygen consumption and the index of cardiac efficiency were unchanged. The usual hemodynamic response to mild exercise was obtained, with increased cardiac output, cardiac work, body oxygen consumption, and a modest but insignificant increase in coronary blood flow. When propranolol was given and the same exercise continued, body oxygen consumption, cardiac output, and left ventricular work significantly decreased. Insignificant decreases occurred in coronary blood flow, left ventricular oxygen usage, and coronary sinus oxygen content. The present observations are consistent with the thesis that beta-adrenergic blockade induced by propranolol decreases cardiac work at rest and reduces the cardiovascular response to exercise.
ADDITIONAL KEY WORDS nitrous oxide method coronary blood flow cardiac output cardiac efficiency beta-adrenergic blockade anesthetized intact dogs • The beta-adrenergic blocking agents, such as propranolol, have been reported to be of value in the treatment of angina pectoris. 1 -' 5 Furthermore, the mortality from acute myocardial infarction has been reported to be reduced by propranolol." There is some reason to believe that most antianginal agents are effective because they decrease cardiac work, 7> 8 ' ° or reduce the cardiovascular response to exercise. 10 We have tried to determine whether propranolol produced significant effects on the coronary circulation or modified the response of the cardiovascular This work is supported in part by a U. S. Public Health Service Grant and by the Edward Shovers Memorial Fund.
Accepted for publication June 20, 1966. system of dogs to simulated exercise produced by electrical stimulation of the thigh muscles.* 1 n
Methods
The study was done in two parts. First, the effect of propranolol on systemic and coronary hemodynamics was determined in 10 anesthetized mongrel dogs weighing 20 to 27 kg (average 23.2 kg). Then the effect of propranolol was determined on 11 "exercising" anesthetized dogs weighing 18 to 32 kg (average 24.3 kg).
The dogs were anesthetized by 3 mg/kg body weight of morphine sulfate subcutaneously followed 1 hr later by 0.25 ml/kg of a 50:50 mixture of veterinary pentobarbital and Dial-Urethanet •Propranolol used in this study was generously supplied by Ayerst Laboratories through the courtesy of John A. Devaney.
tDial-Urethane contains Dial® (diallyl barbituric acid) 100 mg/ml, monethylurea, 400 mg/ml, and urethane, 400 mg/ml. Veterinary pentobarbital contains 60 mg/ml of pentobarbital. iv. During the succeeding hour, cardiac catheters were manipulated fluoroscopically into the pulmonary artery, right atrium, and coronary sinus, and a Cournand needle was placed percutaneously in the femoral artery. Pressures were recorded in the pulmonary artery, right atrium, and femoral artery with a Gilson macropolygraph and Statham strain-gauge pressure transducers. The mean pressures were determined by electrical damping. The Fick principle was used to determine cardiac output. Expired air was collected in a Tissot spirometer via a cuffed endotracheal tube and large-bore, low-resistance tubing. A Kirchoff, non-rebreathing, respiratory valve was inserted well down into the oral pharynx of the dog in order to keep respiratory dead space approximately the same as that with nose breathing.
Expired air was analyzed for oxygen and carbon dioxide by the Scholander technique. Blood specimens were analyzed for similar gases by the Van Slyke-Neill method. The method of Orcutt and Waters was used for analyzing blood for nitrous oxide. Coronary blood flow was determined by the nitrous oxide saturation method, assuming the partition coefficient between blood and myocardium to be 1.0. Whole blood pH was determined by the Radiometer pH meter. Standard formulas were used in calculating hemodynamic parameters. In calculating right and left ventricular work, neither atrial pressure was subtracted from the arterial pressure because left atrial pressure was not measured. The error introduced by failure to subtract such pressures is relatively small because the left atrial pressure change is ordinarily small compared to the systemic arterial mean pressure and the magnitude of right atrial pressure change was known to be small.
Immediately after obtaining control measurements on the first series of animals, 2.0 mg/kg of propranolol was injected into the right atrium. Approximately 20 min later, the second determination of cardiac output and coronary blood flow was made. Each dog served as his own control, and the resting values and those after propranolol were compared by the t test.
In 2 additional dogs propranolol (2.0 mg/kg) was given 20 min before the control determinations of cardiac output and coronary blood flow. This was followed by an additional 1.0 mg/kg of propranolol and then an infusion of isoproterenol 0. For the second series of experiments, a stimulator was designed ( Fig. 1 ) which could deliver a series of electrical impulses of varying frequency and duration to produce skeletal muscle contraction. After control observations of cardiac CircuUiion Ktstrcb, Vol. XJX, Stpumbtr 1966 output and coronary blood flow, needles were inserted through the skin anteriorly and posteriorly into both thighs and the thigh muscles were stimulated. The legs were restrained and moved so little that the muscular contractions were primarily isometric. Electrical stimulation was adjusted so that the thigh muscles contracted strongly but the animal did not hyperventilate or strain at the restraints. It was not easy to achieve what was considered adequate exercise without also producing irregularity in ventilation. Consequently, a compromise was required and not as much muscular exertion was always produced as was desired. Thigh muscles were stimulated for 5 min before and continuously throughout the second determination of cardiac output and coronary flow. The dog was then given 2 mg/kg iv of propranolol and the study repeated during simulated exercise. Care was taken to insure that the same electrical stimulation was continued throughout the study during the beta-adrenergic blockade.
Utilizing each animal as his own control, comparisons were made between the resting state, that during stimulation of the muscles, and finally that during muscular stimulation and betaadrenergic blockade. The significance of the differences was tested using the t test. In 2 dogs data concerning coronary flow and myocardial metabolism were excluded because of poor nitrous oxide curves. These may well have been produced by irregularity in ventilation.
Results
The hemodynamic effects that followed the injection of 2 mg/kg of propranolol are summarized in Table 1A . The significant changes were a decrease in body oxygen consumption and carbon dioxide excretion, a decrease in the mixed venous oxygen content, a significant widening of the arteriovenous oxygen difference, a decrease in coronary sinus oxygen content, a widening of the systemic artery-coronary sinus blood oxygen difference, a decrease in cardiac output and coronary blood flow, a decrease in left and right ventricular work, and an increase in total peripheral, pulmonary, and coronary vascular resistances.
Hemodynamics were essentially the same before and during infusion of isoproterenol in the 2 dogs pretreated with propranolol.
As shown in Table IB , a significant increase in cardiac rate occurred during electrical stimulation of the thigh muscles. Other significant changes during "exercise" were an increase in minute volume of respiration, an increase in oxygen consumption and carbon dioxide elimination, an increase in body respiratory quotient, an increase in the arteriovenous oxygen difference, a decrease in oxygen and carbon dioxide content of blood from the coronary sinus, an increase in cardiac output and left ventricular work, and a decrease in total peripheral and pulmonary vascular resistances.
When propranolol was administered during the same simulated exercise as in the immediately preceding experiments, the significant changes were a decrease in systemic arterial blood pressure, an increase in right atrial pressure, a decrease in body oxygen consumption and carbon dioxide elimination, a decrease in cardiac output and left ventricular work (the latter decreased even below the control value), and an increase in total pulmonary vascular resistance.
Discussion
Initial studies in this laboratory with smaller doses of propranolol (0.5 mg/kg) in 4 dogs produced no consistent change in heart rate, systemic arterial pressure, coronary blood flow, or cardiac output. This agrees with the previous study 12 showing no change in cardiac output with a similar dose of propranolol. Another previous report 18 indicated that in the anesthetized dog 0.5 mg/kg of propranolol reduced "by 75$," the increase in heart rate produced by maximal stimulation of the ansa subclavia. Three milligrams per kilogram of propranolol did not completely abolish this increase in heart rate, but produced a 10 to 15 mm Hg decrease in the blood pressure of 3 of 9 dogs, and no significant change in heart rate. 13 There is apparently competitive antagonism between propranolol and isoproterenol 14 ; consequently, complete beta-adrenergic blockade may not be achievable. Therefore, the present dose of 2 mg/kg may be acceptable as adequate but not excessive. Good beta-receptor inhibition was indicated in dogs given 2.0 mg/kg of propranolol by essentially unchanged hemodynamic parameters during the effect of a challenging dose of isoprotere- Above: Block diagram of the component parts of the stimulator. Below: Diagram of the electrical impulses generated by the component parts of the stimulator. This stimulator was designed so that the "and" gate permitted stimuli to pass only when it received signals from both the "A" and "B" waveform generators; consequently, its output was a series of stimuli given at the rate of 40/sec. These stimuli were delivered for 200 msec, producing muscle contraction. There were no stimuli for the subsequent 300 msec, during which time the muscle relaxed. The cycle repeated as long as the stimulator was turned on. The milliamperes output of the stimulator was continuously variable throughout the useful range so that the desired strength of muscle contraction could be achieved.
nol. It is, of course, possible that some of the effects recorded in this present study are due to pharmacologic properties of propranolol not related to beta-adrenergic receptor blockade. The drug has been reported to depress myocardial function, 34 but beta-adrenergic blockade also tends to depress myocardial function so it is very difficult to choose between these alternative explanations.
The systemic hemodynamic findings after administration of propranolol to resting dogs are in keeping with those previously reported in experimental animals 14 and in man 15 ' 10 in that heart rate and mean systemic arterial blood pressure were not significantly changed; body oxygen consumption, cardiac output, and left ventricular work decreased; and total peripheral and pulmonary resistances increased. The coronary hemodynamic changes are similar to those previously reported for pronethalol. 17 Thus, decreases occurred in coronary blood flow and coronary sinus oxygen content with widening of the arterial coronary sinus oxygen difference. Furthermore, Po 2 of coronary sinus blood, which must in some way reflect myocardial oxy-gen tension, was decreased rather than increased by the drug. There was no significant change in left ventricular oxygen usage or efficiency index but an increase in coronary vascular resistance occurred. A previous report from this laboratory using control injections of saline solution indicated that the systemic and coronary circulations of this type of preparation are stable. 18 Compared to this frame of reference, the significant changes reported here are known to be due to propranolol.
The degree of "exercise" achieved in the second portion of the study was not so great as was desired. However, as indicated, when the strength of the electrical impulse was increased too far, the response of the anesthetized animals tended to become generalized and considerable hyperventilation and irregularity of breathing occurred. This reaction limited the strength of the stimulus applied. Probably as a consequence of this limitation, the cardiovascular response was not always so great as was desired. This limited response seemed more noticeable in the coronary than in the systemic hemodynamics, but in some animals there was no real response in either circulatory bed. Such a variable pattern is also reported in previous studies on human subjects when the systemic and coronary hemodynamic effects of exercise 19 and isoproterenol 20 were measured. It can be argued that because the increase in cardiac work accomplished in these studies was largely "volume work" due to an increase in cardiac output, the myocardial response would not be expected to be very great. This would be in line with the demonstration in non-intact animals that "pressure work" is the important determinant of myocardial oxygen consumption 21 and consequently of coronary blood flow. It is also possible that the hemodynamic response to essentially isometric exercise, as done here, may differ from that during more usual exercise. And, finally, the possibility of experimental error in the nitrous oxide method must be considered. The scatter of ± 12.535 in coronary blood flow as measured by the nitrous oxide method and the rotameter and In spite of these possible criticisms, this portion of the study was designed to test the effect of propranololinduced beta-adrenergic blockade during simulated exercise and since the cardiovascular response was markedly reduced, it is believed that this goal was achieved.
The present studies confirm observations that the pattern is the same whether propranolol is given to dogs in the resting state or during simulated exercise. Thus, coronary blood flow and left ventricular oxygen usage tend to decrease, whereas cardiac output and left ventricular work decrease significantly. The coronary sinus blood oxygen content seemed to decrease; however, its level was already so low during the exercise that a significant further decrease could not be expected. The average left ventricular work was less during exercise after propranolol than in the control state in these animals. The body oxygen consumption decreased subsequent to administration of propranolol in both of the present studies.
If these results in dogs should also apply to man, it is not likely that an antianginal effect of propranolol is explained by its effects on coronary hemodynamics. Indeed, there may be reason to question whether changes in coronary hemodynamics as measured by present methods ever explain antianginal effects. 9 
' 2a
There is substantial evidence that administration of nitroglycerin 7 and erythrol tetranitrate 8 decrease cardiac work and, in subjects with coronary atherosclerosis, they probably decrease rather than increase coronary flow. 7 ' 8 There is little question that nitroglycerine relieves anginal pain; consequently, it has been presumed that it may be effective because it reduces cardiac work-7 ' ° The present observations show that propranolol, like nitrites, does not increase coronary flow and decreases oxygen content of blood in the coronary sinus. Hence, myocardial oxygen tension is probably reduced. The factors which might well be significant in controlling anginal pain, if propranolol does indeed reduce angina, 1 " 1 "' are the decreases in body oxygen consumption, cardiac output, systemic arterial pressure, and left ventricular work.
It has been suggested that with block of sympathetic impulses to the myocardium, improvement in angina pectoris may occur as a result of decreased ventricular work and more efficient utilization of oxygen by the myocardium. 24 In the present experiments, the ventricular work was decreased after intravenous propranolol. More efficient use of oxygen was not reflected by the ratio of left ventricular work to its oxygen consumption. It has been pointed out that the hemodynamic effects of isoproterenol mimic those of exercise, 25 ' 26 and the present study extends this observation to the fact that block of betaadrenergic receptors by propranolol decreases the circulatory response to exercise. It is also of some interest that the oxygen-wasting effect of catecholamines 2 * was not observed during the administration of isoproterenol when beta-adrenergic blockade was secured with propranolol.
